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How does one make an almost massless particle
. . . . . . . . . . . from two massive constituent-quarks?

Not Allowed to do it by fine-tuning a potential

Must exhibit m2

π ∝ mq

Current Algebra . . . 1968

The correct understanding of pion observables;
e.g. mass, decay constant and form factors,
requires an approach to contain a well-defined and
valid chiral limit, and an accurate realisation of
dynamical chiral symmetry breaking.

Requires detailed understanding of Connection
between Current-quark and Constituent-quark
masses Using DSEs,

we’ve provided this.
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· Dynamical Chiral Symmetry Breaking

– Generation of fermion mass from nothing
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Cross-Sections built from Schwinger Functions
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Dressed-gluon propagator and dressed-quark-gluon vertex

Reliable DSE studies of Dressed-gluon propagator:

R. Alkofer and L. von Smekal, The infrared behavior of QCD
Green’s functions . . . , Phys. Rept. 353, 281 (2001).

Dressed-gluon propagator – lattice-QCD simulations confirm that
behaviour:

D. B. Leinweber, J. I. Skullerud, A. G. Williams and C.
Parrinello [UKQCD Collaboration], Asymptotic scaling and
infrared behavior of the gluon propagator, Phys. Rev. D 60,
094507 (1999) [Erratum-ibid. D 61, 079901 (2000)].

Exploratory DSE and lattice-QCD studies
of dressed-quark-gluon vertex
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Hadrons

• Without bound states,
Comparison with experiment is
impossible

• They appear as pole contributions
to n ≥ 3-point colour-singlet
Schwinger functions
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• Without bound states,
Comparison with experiment is
impossible

• Bethe-Salpeter Equation

QFT Generalisation of Lippman-Schwinger Equation.

• What is the kernel, K?

or What is the long-range potential in QCD?
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QFT Statement of Chiral Symmetry
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λl

f iγ5 S−1(k−)

−Mζ iΓl
5(k;P ) − iΓl

5(k;P ) Mζ

Satisfies BSE Satisfies DSE
Kernels must be intimately related

• Relation must be preserved by truncation
• Failure ⇒ Explicit Violation of QCD’s Chiral Symmetry
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• Mass2 of pseudoscalar hadron
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MH := trflavour

[

M (µ)

{

TH ,
(

TH
)t
}]

= mq1+mq2

• Sum of constituents’ current-quark masses

• e.g., TK+

= 1
2

(

λ4 + iλ5
)
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fH pµ = Z2

∫ Λ

q

1
2tr
{

(

TH
)t

γ5γµ S(q+)ΓH(q;P )S(q−)
}

• Pseudovector projection of BS wave function at x = 0

• Pseudoscalar meson’s leptonic decay constant

i

i

i

i
Aµπ kµ

πf

k

Γ

S

(τ/2)γµ γ

S

5
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=
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• Pseudoscalar projection of BS wave function at x = 0
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Hence m2
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fH → f0
H & ρH

ζ →
−〈q̄q〉0ζ

f0
H

, Independent of mq

Hence m2
H =

−〈q̄q〉0ζ
(f0

H)2
mq . . . GMOR relation, a corollary

Heavy-quark + light-quark

⇒ fH ∝ 1
√

mH

and ρH
ζ ∝ √

mH

Hence, mH ∝ mq

. . . QCD Proof of Potential Model result
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m2
πn 6=0
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⇒ fH = 0
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5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 15/54

http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+3584445
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+5899605


First Contents Back Conclusion

Radial Excitations
& Chiral SymmetryHöll, Krassnigg, Roberts

nu-th/0406030

fH m2
H = − ρH

ζ MH

Valid for ALL Pseudoscalar mesons

ρH ⇒ finite, nonzero value in chiral limit, MH → 0

“radial” excitation of π-meson,

m2
πn 6=0

> m2
πn=0

= 0, in chiral limit

⇒ fH = 0

ALL pseudoscalar mesons except π(140) in chiral limit

Dynamical Chiral Symmetry Breaking

– Goldstone’s Theorem –

impacts upon every pseudoscalar meson
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Spectrum contains 3 pseudoscalars [IG(JP )L = 1−(0−)S]

masses below 2 GeV: π(140) ; π(1300); and π(1800)

The Pion

Consituent-Q Model: 1st three members of
n 1S0 trajectory; i.e., ground state plus radial excitations?

But π(1800) is narrow (Γ = 207 ± 13) & decay pattern might
indicate some “flux tube angular momentum” content:
SQ̄Q = 1 ⊕ LF = 1 ⇒ J = 0

& LF = 1 ⇒ 3S1 ⊕ 3S1 (Q̄Q) decays suppressed?
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Radial Excitations

Spectrum contains 3 pseudoscalars [IG(JP )L = 1−(0−)S]

masses below 2 GeV: π(140) ; π(1300); and π(1800)

The Pion

Consituent-Q Model: 1st three members of
n 1S0 trajectory; i.e., ground state plus radial excitations?

But π(1800) is narrow (Γ = 207 ± 13) & decay pattern might
indicate some “flux tube angular momentum” content:

Radial excitations & Hybrids & Exotics ⇒ Long-range radial wave
functions ⇒ sensitive to confinement

NSAC Long-Range Plan, 2002: . . . an understanding of
confinement “remains one of the

greatest intellectual challenges in physics”
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Fundamental properties of QCD

If chiral symmetry is dynamically broken,

then in the chiral limit every pseudoscalar meson is blind

to the weak interaction except π(140).
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Fundamental properties of QCD

If chiral symmetry is dynamically broken,

then in the chiral limit every pseudoscalar meson is blind

to the weak interaction except π(140).

0 0.2 0.4 0.6
mq [GeV]

0

0.1

0.2

f π
 [

G
eV

]

fπ0

fπ1

If chiral symmetry is not broken,

then NO pseudoscalar meson experiences the weak

interaction.
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194

Lattice-QCD check:
163 × 32,
a ∼ 0.1 fm,
two-flavour, unquenched

⇒
fπ1

fπ

= 0.078 (93)
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194

Lattice-QCD check:
163 × 32,
a ∼ 0.1 fm,
two-flavour, unquenched

⇒
fπ1

fπ

= 0.078 (93)

Full ALPHA formulation is required to see suppression, because
PCAC relation is at the heart of the conditions imposed for
improvement (determining coefficients of irrelevant operators)
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When we first heard about [this result] our first reaction was a
combination of “that is remarkable” and “unbelievable”.

CLEO: τ → π(1300) + ντ

⇒ fπ1
< 8.4 MeV

Diehl & Hiller
he-ph/0105194

Lattice-QCD check:
163 × 32,
a ∼ 0.1 fm,
two-flavour, unquenched

⇒
fπ1

fπ

= 0.078 (93)

The suppression of fπ1
is a useful benchmark that can be used to

tune and validate lattice QCD techniques that try to determine the
properties of excited states mesons.
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Maris & Tandy . . . series of five papers . . . excellent

description of light pseudoscalar and vector mesons . . .

basket of 31 masses/couplings/radii with r.m.s. error of 15%

. . . moreover, prediction of Fπ(Q2) measured in Hall A.
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Maris & Tandy . . . series of five papers . . . excellent

description of light pseudoscalar and vector mesons . . .

basket of 31 masses/couplings/radii with r.m.s. error of 15%

. . . moreover, prediction of Fπ(Q2) measured in Hall A.

One parameter model . . . parameter specifies long-range

interaction between light-quarks . . . model-independent

results in ultraviolet

Next Steps . . . Applications to excited states and

axial-vector mesons, e.g., will improve understanding of

confinement interaction between light-quarks
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Nucleon Properties

Another Direction . . . Also want/need information about

three-quark systems

With this problem . . . current expertise at approximately

same point as studies of mesons in 1995.

Namely . . . Model-building and Phenomenology,

constrained by the DSE results outlined already.
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1
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H

[M exp
H − M calc

H ]2
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H ]2
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• Excellent mass spectrum (octet and decuplet)

Easily obtained:
(

1

NH

∑

H

[M exp
H − M calc

H ]2

[M exp
H ]2

)1/2

= 2%

(Oettel, Hellstern, Alkofer, Reinhardt: nucl-th/9805054)

5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 22/54

http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6076386
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6099696


First Contents Back Conclusion

Nucleon EM Form Factors: A Précis
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• Interpreting expts. with GeV electromagnetic probes

requires Poincaré covariant treatment of baryons

⇒ Covariant dressed-quark Faddeev Equation

• Excellent mass spectrum (octet and decuplet)

Easily obtained:
(

1

NH

∑

H

[M exp
H − M calc

H ]2

[M exp
H ]2

)1/2

= 2%

• But is that good?

• Cloudy Bag: δMπ−loop
+ = −300 to −400 MeV!

• Critical to anticipate pion cloud effects

Roberts, Tandy, Thomas, et al., nu-th/02010084

5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 22/54

http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6076386
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6099696
http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+4856740


First Contents Back Conclusion

Faddeev equation

5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 23/54



First Contents Back Conclusion

Faddeev equation

=
aΨ

P

p
q

p
d Γb

Γ−a

p
d

p
q

bΨ
P

q

5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 23/54



First Contents Back Conclusion
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=
aΨ

P

p
q

p
d Γb

Γ−a

p
d

p
q

bΨ
P

q

Linear, Homogeneous Matrix equation

Yields wave function (Poincaré Covariant Faddeev

Amplitude) that describes quark-diquark relative motion

within the nucleon

Scalar and Axial-Vector Diquarks . . . In Nucleon’s Rest

Frame Amplitude has . . . s−, p− & d−wave correlations
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Dressed-quark . . . fixed by DSE and Meson Studies

. . . Burden, Roberts, Thomson, Phys. Lett. B 371, 163 (1996)

Non-pointlike scalar and pseudovector colour-antitriplet

diquark correlations – described by

Bethe-Salpeter amplitudes . . . width for each – ωJP

Confining propagators . . . mass for each – mJP

Widths fixed by “asymptotic freedom” condition –

d

dK2

(

1

m2
JP

F(K2/ω2
JP )

)

−1
∣

∣

∣

∣

∣

∣

K2=0

= 1 ⇒ ω2
JP =

1

2
m2

JP ,

Only two parameters; viz., diquark “masses”: mJP
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and ∆ Masses

Mass-scale parameters (in GeV) for the scalar and axial-vector

diquark correlations, fixed by fitting nucleon and ∆ masses

Set A – fit to the actual masses was required; whereas for

Set B – fitted mass was offset to allow for “π-cloud” contributions

set MN M∆ m0+ m1+ ω0+ ω1+

A 0.94 1.23 0.63 0.84 0.44=1/(0.45 fm) 0.59=1/(0.33 fm)

B 1.18 1.33 0.79 0.89 0.56=1/(0.35 fm) 0.63=1/(0.31 fm)

m1+ → ∞: MA
N = 1.15 GeV; MB

N = 1.46 GeV

5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 25/54



First Contents Back Conclusion

Results: Nucleon
and ∆ Masses

Mass-scale parameters (in GeV) for the scalar and axial-vector

diquark correlations, fixed by fitting nucleon and ∆ masses

Set A – fit to the actual masses was required; whereas for

Set B – fitted mass was offset to allow for “π-cloud” contributions

set MN M∆ m0+ m1+ ω0+ ω1+

A 0.94 1.23 0.63 0.84 0.44=1/(0.45 fm) 0.59=1/(0.33 fm)

B 1.18 1.33 0.79 0.89 0.56=1/(0.35 fm) 0.63=1/(0.31 fm)

m1+ → ∞: MA
N = 1.15 GeV; MB

N = 1.46 GeV

Axial-vector diquark provides significant attraction
5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 25/54



First Contents Back Conclusion

Results: Nucleon
and ∆ Masses

Mass-scale parameters (in GeV) for the scalar and axial-vector

diquark correlations, fixed by fitting nucleon and ∆ masses

Set A – fit to the actual masses was required; whereas for

Set B – fitted mass was offset to allow for “π-cloud” contributions

set MN M∆ m0+ m1+ ω0+ ω1+

A 0.94 1.23 0.63 0.84 0.44=1/(0.45 fm) 0.59=1/(0.33 fm)

B 1.18 1.33 0.79 0.89 0.56=1/(0.35 fm) 0.63=1/(0.31 fm)

m1+ → ∞: MA
N = 1.15 GeV; MB

N = 1.46 GeV

Constructive Interference: 1++-diquark + ∂µπ
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Correlations in Faddeev amplitude – quark orbital
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Include loops following method of

. . . Ashley, Leinweber, Thomas, Young, he-lat/0308024

. . . finite-range regularisation of loop corrections

. . . λ = regularisation mass-scale
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π
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Chiral Corrections

Thus far, omitted pion cloud contribution to current

Include loops following method of

. . . Ashley, Leinweber, Thomas, Young, he-lat/0308024

. . . finite-range regularisation of loop corrections

. . .
1

λ
=

2

3
fm

rp rn rµ
p rµ

n µp −µn ς

q-(qq) core 0.595 0.169 0.449 0.449 3.63 2.13 0.39

+π-loop correction 0.762 0.506 0.761 0.761 3.05 1.55 0.23

experiment 0.847 0.336 0.836 0.889 2.79 1.91
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. . . finite-range regularisation of loop corrections
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E(Q2)

Gp
M(Q2)

= 1 − Q2
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[

(rp)
2 − (rµ

p)2
]

rp ≈ rµ
p ⇒ ratio varies < 10% on 0 < Q2 < 0.6 GeV2
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Chiral Corrections

Thus far, omitted pion cloud contribution to current

Include loops following method of

. . . Ashley, Leinweber, Thomas, Young, he-lat/0308024

. . . finite-range regularisation of loop corrections

. . .
1

λ
=

2

3
fm

µp

Gp
E(Q2)

Gp
M(Q2)

= 1 − Q2

6

[

(rp)
2 − (rµ

p)2
]

rp ≈ rµ
p ⇒ ratio varies < 10% on 0 < Q2 < 0.6 GeV2

Complements nucleon mass considerations

. . . veracious understanding of all nucleon properties

. . . impossible without intelligent incorporation

of chiral corrections
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Dynamical Chiral Symmetry Breaking:

⇒ π is quark-antiquark Bound State

AND QCD’s Goldstone Mode
Foundation for Proof of

Exact Results in QCD

e.g., Quark Goldberger-Treiman

Properties of Pseudoscalar Mesons

Renormalisation-Group-Improved Rainbow-Ladder

⇒ Practical Phenomenological Tool

Corrections Quantifiable
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Faddeev Equation

Nonpointlike scalar and axial-vector diquark correlations

s−, p−, d−wave quark angular momentum

Quark core, relaxed to allow for pion cloud

Predicts zero in GP
E(Q2) at Q2 ≈ 6.5 GeV2
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F. T. Hawes, P. Maris and C. D. Roberts, Infrared behaviour of
propagators and vertices Phys. Lett. B 440, 353 (1998): “The
vertex must possess an IR-enhancement.”

Bhagwat, et al., nu-th 0304003, found that such behaviour
was indeed required.
Others (Alkofer, et al., he-ph/0309077) since have too.

Exact nature of the enhancement is subject of ongoing research.
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Pseudovector
components
necessarily
nonzero
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• BSE consistent with vertex�M =�n �n� �M + �a;n�
• Bethe-Salpeter kernel . . . recursion relation

−
1

8C �a;n� = �M�n�1� + �M�n�1� + �a;n�1�

• Kernel necessarily non-planar,
even with planar vertex
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• π-ρ mass splitting driven by DχSB mechanism
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• Extending kernel: NO effect on mπ

For mρ – zeroth order, accurate to 20%
– one loop, accurate to 13%
– two loop, accurate to 4%
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Chiral limit, model-independent and algebraic result
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= 0, 0)=
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fπ0

So long as truncation preserves chiral symmetry and the
pattern of its dynamical breakdown

The most widely known consequence of the Abelian anomaly
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Chiral limit with DCSB: fπ0
6= 0

BUT, fπn
≡ 0, ∀n!

Model-independent result, in chiral limit: ∀n ≥ 1
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m̂=0where:

γ is an anomalous dimension

ωπn
is a width mass-scale

both determined, in part, by properties of the meson’s
Bethe-Salpeter wave function.
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∣
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m̂=0where:

γ is an anomalous dimension

ωπn
is a width mass-scale

both determined, in part, by properties of the meson’s
Bethe-Salpeter wave function.

Importantly, F (2)
n (−m2

πn

) 6∝ fπn
. Instead, it is determined by

DCSB mass-scales for πn that do not vanish in the chiral limit.
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viz., it is negative on the entire kinematically accessible domain.
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Predicted UV-behaviour is abundantly clear

precise for Q2 > 120 GeV2
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IR-mass-scale – ω

ra := 1/ω

gauges the range
of strong attraction

Goldstone Mode’s
properties are insensitive to ra

Expected cf. T 6= 0, Goldstone mode’s properties do not
change until very near chiral symmetry restoration
temperature.
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Not protected . . . properties very sensitive to ra

5th Intern. Workshop on Chiral Dynamics – Theory and Experiment, Durham/Chapel Hill, NC – September 18-22, 2006 – p. 46/54

http://www.slac.stanford.edu/spires/find/hep/www?rawcmd=FIND+key+6156436


First Contents Back Conclusion

Electromagnetic Charge Radii – RGI
Rainbow-LadderHöll, Krassnigg, Maris, et al.,

nu-th/0503043

0.3 0.32 0.34 0.36 0.38 0.4
ω   [GeV]

0.60

0.65

0.70

0.75

0.80

r π   
[fm

]

n = 0 (ground state)
n = 1 (radial excitation)
linear fit: 0.61 + 0.11 ω
linear fit: 0.09 + 1.76 ω

mu,d(1 GeV) = 5.5 MeV

Reminder:
MT-model has one
IR-mass-scale – ω

ra := 1/ω

gauges the range
of strong attraction

Best estimate rπ1
= 1.4 rπ0
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is possible if confinement force is very strong
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IR-mass-scale – ω

ra := 1/ω

gauges the range
of strong attraction

Radial excitations are
plainly useful to map out
the long-range part of interaction between light-quarks.
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Same is true of orbital excitations; e.g., axial-vector mesons.
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Hall-D at JLab
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and T.-S. H. Lee, Phys. Rev. C 54, 2660 (1996)

Dynamical Study of the ∆ Excitation in N(e, e′π) Reactions, T. Sato and
T.-S. H. Lee, Phys. Rev. C 63, 055201/1-13 (2001)
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• Colour matrices:

{H1 = iλ7,H2 = −iλ5,H3 = iλ2} , ǫc1c2c3 = (Hc3)c1c2
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• Two parameters: ω0+ , ω1+

∼ Inverse of diquarks’ configuration-space size
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• Two parameters: m0+ , m1+

∼ Inverse of diquarks’ configuration-space correlation length
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Accentuates free-particle-like propagation characteristics of the

diquarks within hadron.
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JP =
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m2

JP ,

Accentuates free-particle-like propagation characteristics of the

diquarks within hadron.

Two Parameter Faddeev Equation Model of Nucleon

Solve Faddeev Equation

Vary m0+ and m1+ to obtain desired masses for N and ∆
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Deep-inelastic scattering

Looking for Quarks

Signature Experiment for QCD:

Discovery of Quarks at SLAC

Cross-section: Interpreted as Measurement of
Momentum-Fraction Prob. Distribution: q(x), g(x)
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Pion’s valence quark distn

π is Two-Body System: “Easiest” Bound State in QCD

However, NO π Targets!

Proved on

22/July/2002, ANL
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Pion’s valence quark distn

π is Two-Body System: “Easiest” Bound State in QCD

However, NO π Targets!

Existing Measurement Inferred from Drell-Yan:

πN → µ+µ−X

Proposal (Holt & Reimer, ANL, nu-ex/0010004)

e−5GeV – p25 GeV Collider → Accurate “Measurement”

p n

πγ
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Pion’s valence quark distn

Proposal at JLab

(Holt, Reimer, Wijesooriya, et al.,

JLab at 12 GeV)

p n

πγ
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Handbag diagrams

Bjorken Limit: q2 → ∞ , P · q → −∞

but x := −
q2

2P · q
fixed.

Numerous algebraic simplifications
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Extant theory vs. experiment

K. Wijersooriya, P. Reimer and R. Holt,

nu-ex/0509012 ... Phys. Rev. C (Rapid)
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